Background--Most patients with atrial fibrillation (AF) require rate control; however, the optimal target heart rate remains under debate. We aimed to assess rate control and subsequent outcomes among patients with permanent AF.
A trial fibrillation (AF) is the most common cardiac arrhythmia worldwide and leads to significant morbidity and mortality. 1, 2 Several therapies are available for the maintenance of sinus rhythm in patients with AF; however, none has been definitively demonstrated to improve long-term survival. 3, 4 Therefore, many patients remain in chronic AF and are managed with a "rate control only" strategy 5 ; such patients are often treated with medication or interventions to prevent excessive tachycardia, limit symptoms, and prevent the development of cardiomyopathy and/or heart failure.
However, target heart rates are not well established and clinical trials to date have failed to demonstrate a benefit to strict heart rate control (<80 beats per minute [bpm] ) relative to a more-lenient rate control strategy (ie, <110 bpm). 6 Several shortcomings of these data have been cited, including lack of power and a lower than expected difference between treatment groups. 7 Owing to these and other data, regional guidelines provide divergent recommendations regarding the optimal approach to rate control. The US guidelines recommend more-strict rate control (heart rate <80 bpm Class IIA recommendation, level of evidence B), whereas the European Society of Cardiology guidelines advocate lenient rate control (heart rate <110 Class IIA recommendation, level of evidence B). 8, 9 Patterns of heart rate control of patients with AF in routine clinical practice, as well as the association between heart rate and subsequent clinical outcomes, have not been well described. Using the nation's largest prospective, outpatient clinical registry of AF patients, our study aimed to: (1) describe the patterns of heart rate control in US clinical practice; (2) describe the relationship between resting heart rate and AF symptom class; and (3) assess the relationship between resting heart rate control and clinical outcomes, including mortality.
Methods
We used data from the Outcomes Registry for Better Informed Treatment of Atrial Fibrillation (ORIBT-AF), a prospective US registry of AF patients in the community, managed by primary care physicians, cardiologists, and/or electrophysiologists. A nationally representative sample of sites was recruited, with diversity by geography and practice type. Eligible patients were 18 years of age or older, with electrocardiographically documented AF that was not the result of a reversible cause. Sites enrolled consecutive patients that met the inclusion criteria without exclusions, and patients were expected to have clinical follow-up every 6 months for at least 2 years. The patients' medical record served as the primary source of data, supplemented by the treating physician's input and external medical records. All data were entered in a Webbased case report form, and site management and study coordination were performed by the Duke Clinical Research Institute. Data collection included sections on demographics, medical history, AF history (including symptoms), medical and interventional therapies, vital signs, laboratory and echocardiographic measures, and incident procedures and adverse events. Specifically, the patients' resting heart rate in the clinic, their European Heart Rhythm Association (EHRA) symptom score (I to IV), and medicines (including anticoagulation, antiarrhythmic drugs, and rate control agents) were recorded at baseline and at each follow-up. Outcomes were collected at each follow-up. Additional information on the ORBIT-AF rationale and design has been reported previously. 10 In order to assess the impact of resting heart rate in AF, the primary analysis cohort for the present study included only patients in ORBIT-AF with permanent AF at baseline. Patients without heart rate recorded at baseline were also excluded. In analyses of outcomes, patients without any follow-up visits were excluded.
The population was stratified by baseline resting heart rate: <60; 60 to 79; 80 to 109; and ≥110 bpm. Baseline characteristics, medical history, AF history, and medical therapies were compared among these groups. Using these data, the correlation between heart rate and EHRA score was assessed using all available visits for patients in the study population.
We then assessed the relationship between resting heart rate and subsequent clinical outcomes, after adjustment for known confounders. The primary outcome was all-cause mortality. Additional outcomes included: cause-specific death; cause-specific hospitalization; the composite of stroke or systemic embolism (SSE; adjudicated through primary source documentation review at the coordinating center) or major bleeding as defined by the International Society of Thrombosis and Haemostasis 11 ; the composite of myocardial infarction (MI), coronary revascularization, or new-onset heart failure; and a composite of all adverse events (SSE, major bleeding, new heart failure, MI, coronary revascularization, hospitalization, or death). Tests for the interaction effect between baseline antiarrhythmic drug therapy and heart rate on outcomes were performed. The relationships between baseline beta-blocker (BB) use, baseline calcium-channel blocker use (nondihydropyridine, [ND-CCB]), and clinical outcomes were also assessed. The present analysis included all available follow-up out to 2 years. Sensitivity analyses measuring the association between heart rate and clinical outcomes in patients with all AF types were also performed.
Statistical Analyses
Univariate data across groups stratified by baseline heart rate are presented as percentages for categorical variables and medians (interquartile range; IQR) or means (SD) for continuous variables. Variables were compared using the chi-square test for categorical variables and continuous variables were compared using the Kruskal-Wallis test. In order to describe the unadjusted association between heart rate and EHRA scores using data from every visit (including baseline and all follow-up assessments), we compared heart rates across symptom status as defined by EHRA scores (I: no symptoms, II: mild, III: severe, IV: disabling) using box plots. This included all visits for each patient, where both heart rate and EHRA score were recorded. We tested for a difference in heart rate across EHRA score using linear generalized estimating equations with heart rate as the response and EHRA a 4-level categorical variable, and a compound symmetry correlation structure to account for repeated measurements in each patient. Next, we evaluated the adjusted association between baseline heart rate and baseline EHRA score, we present a risk estimate (ie, odds ratio [OR] ) and corresponding 95% confidence interval (CI) and P value from ordinal logistic regression. The regression model for EHRA score at baseline was developed based on risk factors from the candidate baseline characteristics (Tables S1 and S2) using backward selection, with an alpha for exclusion of 0.05. All continuous variables (including heart rate) were tested for linearity, and nonlinear relationships were accounted for using linear splines.
To describe the association between resting heart rate and clinical outcomes (listed above), we determined risk estimates (ie, hazard ratio [HR] ) and corresponding 95% CIs and P values using Cox regression where longitudinally updated heart rate, as a continuous variable, is included as a time-dependent covariate, along with adjustment for baseline risk factors. Empirical standard errors were also used to account for correlation between patients at the same site. Adjustment risk factors were based on previously developed outcomes models in this population, 12, 13 which include all statistically significant covariates based on backward selection and a=0.05, selected from a large candidate list (Tables S1 and  S2 ). The time-dependent heart rate covariate was tested for linearity, and nonlinear relationships were illustrated a priori using restricted cubic splines. This provided a flexible relationship that, in all cases, could be approximated by piece-wise linear splines, which were used to estimate HRs within appropriate ranges of heart rate (defined by the observed inflection point).
To assess the interaction between heart rate and the use of antiarrhythmic therapy for each outcome, we included one additional interaction term in the model. To determine the effect of rate control therapy on outcomes, propensity scores for ND-CCB versus BB use were generated using inclusive final covariates for 3 endpoints (all-cause death, cardiovascular death, noncardiovascular death). The outcome model was weighted using the inverse propensity score (IPW) for getting ND-CCB to minimize confounding and to incorporate ND-CCB (binary) therapy. The effectiveness of the IPW was evaluated using Cramer's Phi (V) and R 2 . We calculated risk statistics (ie, HR, corresponding 95% CI, and P value) for ND-CCB versus BB by Cox regression with robust covariance. Missing data among the baseline covariates used for multivariable adjustment (not heart rate) were handled with single imputation, using MCMC and regression methods in SAS. Missing data in these variables was <4% for all covariates, except left ventricular ejection fraction (LVEF; 10%), left atrial diameter (14%), serum creatinine (7%), and hematocrit (10%). Intermittent missing values in longitudinal heart rate were handled by a last value carried forward approach.
Several sensitivity analyses of the relationship between heart rate and clinical outcomes were performed. To test the durability of our findings, the above analysis was repeated in the overall ORBIT-AF population, including all types of AF. In response to peer review, we used linear regression modeling of baseline heart rate as an outcome to calculate the R 2 for all baseline patient characteristics (assess factors associated with increased heart rate). Next, we calculated the variance of heart rate across different patients at the same point in time, and also for the same patient at different time points, using a mixed model for longitudinal heart rate. The ORBIT-AF registry was approved by the Duke University Institutional Review Board (IRB), and all sites received IRB approval pursuant to local regulations. All patients provided written informed consent, and analyses of the aggregate, deidentified data were performed by the Duke Clinical Research Institute using SAS software (version 9.3; SAS Institute Inc., Cary, NC).
Results
The overall ORBIT-AF population included 10 132 patients from 176 US practices. We excluded 50 patients for missing baseline heart rate and 7270 patients for having nonpermanent AF. Patients with permanent AF who were excluded for other reasons were largely similar to patients included in the analysis. This resulted in a primary study cohort of 2812 patients with permanent AF, enrolled from June 2010 through August 2011. The median follow-up was 24 months (25th and 75th percentile: 18, 30 months) and included a total of 12 299 heart rate measurements for all patients throughout the study period. At baseline, 7.4% (n=207) had a heart rate <60 bpm; 62% (n=1755) 60 to 79 bpm; 29% (n=817) 80 to 109 bpm; and 1.2% (n=33) ≥110 bpm. Baseline characteristics of these groups are shown in Table 1 . Patients with heart rate <60 bpm were less likely to be female (32%; P=0.048), to be African American (3.4%; P=0.001), and had the lowest prevalence of sinus node dysfunction (10%; P=0.0048). There were no significant differences among the heart rate groups with respect to age (P=0.1), previous cerebrovascular disease (P=0.1), heart failure status (P=0.2), CHA 2 DS 2 -VASc scores (P=0.8), renal function (P=0.5), 14 or left ventricular function (P=0.4). Previous and current therapies for AF, across these groups, are shown in Table 2 . Patients with lower resting heart rate (<60 bpm) were least likely to have received an antiarrhythmic drug previously (23%; P=0.01) and were more likely to be treated with ND-CCB (21%; P=0.001) and anticoagulation (90%; P=0.009) at baseline. Baseline use of antiarrhythmic drug (P=0.8) and digoxin (P=0.5) was balanced across groups.
Heart Rate and Symptoms
Unadjusted assessment of heart rate and EHRA class included 12 299 visits for all patients documenting resting heart rate and EHRA score: 2701 patients at baseline; 2402 at 6 months; 2153 at 12 months; 1957 at 18 months; 1792 at 24 months; 960 at 30 months; 310 at 36 months; and 24 recorded at early study termination. There were 6797 measurements correlating with no symptoms (EHRA class I), 4414 with mild symptoms (class II), 1000 with severe symptoms (class III), and 88 with disabling symptoms (class IV). There was a significant association between increasing heart rate and worse concomitant EHRA symptom class across visits (Figure 1; P<0.0001) . In adjusted analyses, the relationship between baseline-only resting heart rate and concomitant, baseline EHRA symptom class was found to be linear, and increasing heart rate at baseline was significantly associated with more-severe baseline EHRA symptom class Table S3 ).
Clinical Event Outcomes
Overall event rates, as well as unadjusted and adjusted hazards for clinical events, are shown in Table 3 . Unadjusted outcomes demonstrated a J-shaped relationship between resting time-dependent heart rate and all-cause mortality (unadjusted HR per 5-bpm decrease in heart rate ≤65 bpm, 1.10; 95% CI, 0.96 to 1.25; unadjusted HR per 5-bpm increase in heart rate >65 bpm, 1.07; 95% CI, 1.03 to 1.12). In multivariable analysis using heart rate as a continuous, timedependent covariate, the relationship between heart rate and cause-specific mortality remained nonlinear, with an inflection point at 65 bpm. Thus, linear splines were used in multivariable models of endpoints that included mortality. The adjusted HRs of these splines, with 95% CIs, are shown in Figure 2A through 2C. Decreasing heart rate ≤65 bpm was associated with increasing all-cause mortality (adjusted HR, 1.15 per 5-bpm increase; 95% CI, 1.01 to 1.32; P=0.04), and increasing heart rate >65 bpm was associated with worse allcause mortality (adjusted HR, 1.10 per 5-bpm increase; 95% CI, 1.05 to 1.15; P<0.0001). Linear splines were also derived for the composite endpoint of all adverse events (SSE, major bleeding, new heart failure, MI, revascularization, all-cause hospitalization, and all-cause death). Heart rates below and above 65 bpm were associated with worse outcomes (adjusted HR, 1.10 per 5-bpm decrease ≤65 bpm; 95% CI, 1.02 to 1.19; adjusted HR, 1.03 per 5-bpm increase >65 bpm; 95% CI, 1.00 to 1.06).
Medical Therapies
Overall 227 patients (8%) were receiving antiarrhythmic therapy at baseline, most commonly amiodarone (n=105; 3.7%). Interaction testing was performed between heart rate and baseline antiarrhythmic therapy for each of the clinical outcomes (SSE, major bleeding, new heart failure, MI, revascularization, cause-specific hospitalization, and causespecific death). A significant interaction (P interaction <0.05) was identified only for the endpoint of noncardiovascular death. There was a significant association between increased heart rate and noncardiovascular death among patients not on an antiarrhythmic drug at baseline (n=2496; 92%; adjusted HR, 1.08 per 5-bpm increase; 95% CI, 1.02 to 1.15; P=0.01), but not for patients receiving an antiarrhythmic drug at baseline (n=215; 8%; adjusted HR, 0.75 per 5-bpm increase; 95% CI, 0.52 to 1.07; P=0.1, P interaction =0.02). Propensity score modeling to assess different associations between ND-CCB and BB therapy and outcomes included 117 patients treated with ND-CCB and 1638 patients with BB (n=1755). We excluded 143 patients because of nonoverlapping propensity scores. Cox regression models did not demonstrate significant differences in outcomes between groups: adjusted HR for ND-CCB (versus BB) for all-cause death, 0.99 (95% CI, 0.46 to 2.14; P=1.0); cardiovascular death, 0.97 (95% CI, 0.23 to 3.11; P=0.8); and noncardiovascular death, 1.29 (95% CI, 0.49 to 3.37; P=0.6).
Sensitivity Analyses
In sensitivity analyses of patients with any type of AF (n=9648), including nonpermanent forms of AF, the associations between heart rate and clinical outcomes were consistent (Tables S3 and S4 ). Additional, exploratory sensitivity analyses were performed assessing the factors associated with baseline heart rate, heart rate change over time, and the association between baseline-only heart rate and subsequent clinical outcomes. Other patient characteristics were minimally associated with baseline heart rate (R 2 =0.03), and heart rate varied nearly twice as much within individuals over time as it did between patients (variance 95 within individuals vs. 54 between individuals, in a mixed model for longitudinal heart rate). Without updating heart rate as a time-dependent covariate, there were not significant associations between heart rate and clinical outcomes, unadjusted or adjusted (Tables S5 and S6 ).
Discussion
There is insufficient evidence to guide heart rate targets in patients with AF; however, these data provide several insights into current practice and outcomes associated with different heart rates in AF. In this nation-wide community cohort of patients with permanent AF, nearly all patients had resting heart rates <110 bpm (99%) and the majority (70%) were <80 bpm. However, we found that increasing heart rate above 65 bpm was associated with worse symptom class and lower survival rates, even after adjusting for baseline clinical factors. Last, medical therapies appeared to have little impact on the relationship between heart rate and mortality. Our results are not completely consistent with the US guidelines applicable during the study period (2011), which designated strict heart rate control (<80 bpm) as a Class III recommendation (harm exceeds benefit) 15 This recommendation was based mainly on a single trial, 6 whereas previous studies had demonstrated adverse hemodynamic consequences of prolonged, uncontrolled ventricular rates. 16 Our data suggest that patients in community practice routinely (70%) achieved more-stringent rate control (below 80) and that the associated outcomes were more favorable so long as heart rate was 65 or greater. Clinicians may have been reluctant to employ a modified guideline recommendation based upon a single study, given the previous accumulated clinical evidence. Consistently, across endpoints and patient populations, increasing heart rate >65 bpm was associated with worse outcomes, including all-cause and cause-specific mortality, as well as adverse cardiovascular events. These findings contrast with the results of previous studies comparing "strict" versus "lenient" heart rate control. 6, 17, 18 The suggestion that strict rate control is unnecessary is predominantly based on the RACE II trial, which randomized patients to each approach. Yet, several shortcomings of that trial have been noted. 7 Principally, RACE II was a noninferiority trial that was underpowered to detect a benefit of strict rate control: statistically, the trial could not exclude even a 4.6% absolute risk reduction in cardiovascular death, heart failure hospitalization, or stroke at 3 years with a strict rate control strategy (in a binary comparison). 6, 19 Additionally, follow-up heart rates Figure 1 . in the 2 groups were closer than the targets suggested (mean 85 bpm for the <110 group vs. 76 bpm for the <80 group). Last, the relationship between heart rate and clinical outcomes, particularly mortality, could not be assessed. In contrast, the present analysis includes a significantly larger sample, and despite relatively low heart rates in this population, our data demonstrate a significant association between increased heart rate (>65 bpm, as a continuous covariate) and adverse outcome. Importantly, outcomes did not differ among pharmacological strategies. Higher heart rates were associated with increased all-cause mortality in patients with or without antiarrhythmic therapy. Though there was a significant interaction between antiarrhythmic use and heart rate for the endpoint of cardiovascular death, the sample was relatively small (8%) and the CIs were wide (95% CI, 0.52 to 1.07). Additionally, no difference in outcomes was observed in inverse propensity score models comparing ND-CCBs to BBs. Whereas these are observational data and do not yield definitive conclusions, the findings support the hypothesis that choice of medical therapy may be a secondary consideration to the primary achievement of optimal resting heart rate.
Given the divergent treatment guidelines for rate control, our findings have several important clinical implications. Though we cannot definitively identify providers' target heart rates in our study, the association between increasing heart rate and adverse outcomes suggests that strict rate control may be associated with superior outcomes. Additional adequately powered, randomized, superiority studies to identify optimal rate control strategies are warranted, Denominators may differ owing to competing risks. Details of the adjustment covariates for each outcome are provided in Table S2 . bpm indicates beats per minute; CI, confidence interval; HR, hazard ratio; MI, myocardial infarction; SSE, stroke or systemic embolism.
particularly given that there are more than 33 million individuals with AF across the world. Furthermore, there may be a floor effect, below which lowering heart rate is no longer beneficial (and may be harmful). Whereas physicians in practice appear to be comfortable with lower resting heart rates than previous guidelines dictated, identifying the optimal threshold, and the optimal therapies to achieve that threshold, will require further investigation.
Limitations
This study is based on data from a prospective, observational registry. Neither the extent of heart rate control nor the medical therapies were randomized, and thus residual and unmeasured confounding may exist. Additionally, a small proportion of patients were lost to follow-up. Though outcomes models included time-dependent covariates for heart rate, interim events or modifications to treatment were not included. There may have been other influences in outcome that were not captured by the multivariable models. Additionally, few patients in this sample had heart rates ≥110 bpm; therefore, conclusions regarding the increasing risk of very high heart rates are limited by power. However, the relative paucity of heart rates over 110 bpm may have led to underestimation of the impact of tachycardia on survival and other outcomes. In-depth analyses comparing and contrasting different rate control therapies were limited owing to smaller comparator subgroups. Last, there also may be differences between patients enrolled in ORBIT-AF and the broader AF population.
Conclusions
Patients with permanent AF in US community practice maintain relatively low resting heart rates, and increased heart rates are associated with worse symptom class. Figure 2 . Relationship between time-dependent resting heart rate and clinical outcome among 2812 patients with permanent AF. Adjusted hazard ratios (with 95% CIs) of increasing heart rate (using the mean heart rate of 73 bpm as the referent) for (A) all-cause mortality, (B) cardiovascular death, and (C) noncardiovascular death. Details of the adjustment covariates for each outcome are provided in Table S2 . AF indicates atrial fibrillation; bpm, beats per minute; CI, confidence interval.
Moreover, there is a J-shaped relationship between heart rate and mortality for patients with AF, and this is a consistent finding across endpoints. These data support current American College of Cardiology/American Heart Association guideline recommendations for strict rate control. Clinical trials to determine optimal rate control are warranted.
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